ABSTRACT Development of nymphs and oocyte maturation in adults were examined in Blattella germanica (L.) reared on three commercial diets. Nymphs fed rat food developed significantly faster than nymphs fed two commercial dog foods. Similarly, oocytes matured more quickly in adult females that were raised on rat food than in females raised on dog food. Nymphal development and oocyte maturation were slower in insects that were fed whole dog food pellets than in insects fed ground dog food, suggesting that grinding the diet diminishes a mechanical barrier in whole dog food pellets. Comparisons of processed canine food and unprocessed canine food indicated that diets were significantly inferior after the steam extrusion process. Rat food is normally not subjected to such conditions and both processed and unprocessed rat food are equally suitable for B. germanica. The significance and implications for comparative studies with cockroaches are discussed.
NUTRITIONALFACTORS can exert profound short-and long-term effects on the development and reproduction of insects (see reviews by Bernays 1985 , Dadd 1985 , Reinecke 1985 , Waldbauer & Friedman 1991 . Although the general nutritional requirements of most insects are similar, the optimal sources, types, and proportions of nutrients vary widely among species and among different developmental and reproductive stages (Dadd 1985) .
Research on the nutritional requirements and the regulation of feeding in cockroaches has generally included minimally defined diets that allow for the addition, deletion, substitution, or alteration of the proportions of nutrients (e.g., Gordon 1959) . However, most work on cockroaches does not examine nutritional factors directly; commonly, more crudely defined diets, including various laboratory foods, are used for maintenance of colonies. The sources and proportions of component nutrients vary widely in these diets, and constituents other than the essential nutrients may act as growth factors or affect the texture, palatability, and digestibility of the diet, changing its utility to the insect (Vanderzant 1974 , Bernays 1985 , Dadd 1985 , Slansky 1982 , Slansky & Scriber 1985 . Despite the fact that different investigators use different commercial or specially formulated diets, the tacit assumption is made that use of different diets does not preclude comparisons of results from different laboratories. Dog food and rat food are nutritionally complex, relatively adequate for maintaining colonies of cockroaches, and routinely used in many research laboratories. Herein we examine differences between these diets to test this assumption.
Some insects can effectively withstand short periods of starvation or nutrient limitation, but most exhibit altered rates of development and reproduction under such conditions (see Engelmann 1970) . The German cockroach, Blattella germanic a (L.), is highly sensitive to both food deprivation and specific nutrient limitation, particularly proteins (Noland & Baumann 1951; Haydak 1953; Kunkel 1966 Kunkel , 1981 Roth & Stay 1962; Hamilton & SchaI1988) . We therefore hypotheSized that if various laboratory diets differ nutritionally they might result in differential development and reproduction in this cockroach. Furthermore, our preliminary observations indicated that nymphal development in B. germanica was slower on whole pellets of laboratory food compared with ground food, suggesting a mechanical barrier to feeding.
In this report we document that several life history parameters of the German cockroach are sensitive to changes in the diet and result in delayed adult emergence and reproduction on some diets. We also elucidate a mechanism for the deficiency of some commercial diets. Finally, we discuss the implications of these findings for physiological and biochemical studies that use these diets interchangeably with the German cockroach and other species of cockroaches. 
Results and Discussion
Nymphal Development. Almost twice as many female nymphs that were fed rat food reached adulthood, compared with nymphs fed dog food (Fig. 1) . Nymphs that were raised on rat food also eclosed significantly earlier than those fed dog food (Fig. 1, Table 1 ). However, newly emerged adult females attained similar mean body mass on both diets (Table 1 ), suggesting that delays in eclosion in females fed dog food were from a slower increase in body mass. In all dietary treatments, neonates that were fed rat food gained significantly more mass during the first 5 wk of development than nymphs that were fed dog food (Fig. 2 ). These differences were apparent within 1 wk and continued to increase throughout the remainder of nymphal development.
Grinding the food pellets significantly improved the usefulness of dog food, but not rat To avoid deleterious effects ofisolation (Gadot et al. 1989) , newly emerged adult females from various experimental treatments were placed in 15 by 2 cm petri dishes in groups of two to five. On day 7, the basal oocytes of each female were measured with an ocular micrometer in a dissecting microscope.
Nymphal development and oocyte maturation were also compared in cockroaches fed either unprocessed canine or rat chow or the processed form of each diet including dog chow, which was ground to 0.7-1.0 mm.
Statistical Analyses. All results were analyzed either with analysis of variance and GamesHowell multiple comparison of means with unequal variances (P S 0.05 [Super ANOVA 1989]) or with Student's t test (P S 0.05). Time (days) Fig. 1 . Cumulative percentage emergence of adult females raised on either rat or dog food ground to various extents. Neonate nymphs were fed either rat or dog food. Small, medium, and large food sizes refer to 0.7-1.0, 1.7-2.6, and 2.6-4.0 mm respectively, as described in the Materials and Methods. Five groups of 20 nymphs each were used for each treatment. 
Materials and Methods
Insects. German cockroaches were obtained from a stock colony raised on whole Purina Rat Chow (number 5012, Purina Mills, St. Louis, Mo.) and water at 27 ± 0.5°C and a photoperiod of 12:12 (L:D). Cockroaches were collected from the stock colony at various developmental stages and placed on one of several diets on which nymphal development and oocyte maturation were examined. All experiments were conducted at 27 ± 1.0°C, 50% RH, and a photoperiod of 12:12 (L:D).
Diets. We suspected, based on preliminary results, that the rate of nymphal development would be affected by the size of the food items. To test this hypothesis, dog chow (number 1780, Ralston Purina, St. Louis, Mo.) and rat chow were ground with a mortar and pestle and sieved sequentially to obtain the following three ranges of particle sizes: 0.7-1.0 mm, 1.7-2.6 mm, and 2.6-4.0 mm.
Results of the nymphal development study suggested that differential growth might be related to the differing degrees of compression and extrusion experienced by different diets during production. Rat and dog foods in the form of meal before processing are relatively dry, with a similar fat content of 4.5 and 4% respectively (D. Hopkins, personal communication). Rat chow meal is pressed into a cylindrical shape with two cut ends and a dry smooth surface. However, dog chow meal is steam extruded under high pressure and temperature; during this process, an additional layer of 5% animal fat is sprayed onto the outer surface. The end product is a hard round pellet with a "baked" lipid surface and a total fat content that is twice that of rat food (D. Hopkins, personal communication).
The hard, greasy outer surface of dog food might act as a mechanical barrier, especially to young nymphs. Because we were unable to obtain unprocessed Purina Dog Chow, we used Purina Canine Chow (number 5006, Purina Mills), which is similar in nutritional composition and processing to Purina Dog Chow. To control for the different fat contents of the processed diets, the fat contents of canine and rat meals were raised to 9.0% in some experiments by first dissolving animal fat (Purina Mills) in methanol and petroleum ether (1:3 by vol) and then impregnating it into the meal.
Nymphal Development and Oocyte Maturation. Groups of 20 newly hatched nymphs were weighed, placed together in petri dishes (15 by 2 cm), and provided with water and either whole or ground dog or rat food. On a weekly basis, nymphs were counted and weighed, food and water were replaced, and debris was removed. The time until eclosion and imaginal weights were also recorded. nymphs, and that rat food supports nymphal development significantly better than does dog food, regardless of the mesh size of the diet. Reproduction. At eclosion, females attained similar mean body masses on all dietary treatments, including whole dog food pellets (Table  1) . However, these females exhibited different reproductive rates, as indicated by their basal oocyte lengths. Basal oocytes were significantly larger in 7-d-old adults that were reared on rat food than in females reared on dog food (Fig.  3A ). These differences persisted on all mesh sizes of the two diets, but were greatest on whole pellets. Within either diet, tlle size of food particles did not affect oocyte maturation except in females raised on whole dog food. In the latter, the basal oocytes were Significantly smaller than in all other treatments (Fig. 3A) .
Differences in oocyte maturation between females diminished when they were fed rat food until the last instar or until adult emergence ( Fig.  3B and C ). Significant differences persisted only when last instar or adult females were switched from rat food to whole dog food. These results suggest that reserves acquired during earlier instars may be mobilized during the first gonotrophic cycle in B. gerrnanica females that are switched to deficient diets.
Comparison of Processed and Unprocessed Diets. Differences between whole and ground dog food suggest that physical attributes such as texture, hardness, and homogeneity might be involved. However, because the inferiority of dog food compared with rat food can be ameliorated only in part by grinding, the processed dog food may also be nutritionally deficient.
To test this hypothesis, we obtained unprocessed meals of these diets. Because we were unable to obtain unprocessed Purina Dog Chow, we used Purina Canine Chow, which is similar in nutritional composition and processing to Purina Dog Chow. During the commercial extrusion (dog chow and canine chow), the quality of these diets for B. germanic a might be altered. Nymphs that were fed extruded ground canine or dog foods weighed less, reached the adult stage later, and experienced higher mortality ilian food, for B. germanica female nymphs. The size of the rat food diet had no significant effect on mean body mass of5-wk-old nymphs (Fig. 2) , the percentage of females eclosing successfully, or their mean day of eclosion (Fig. 1, Table 1 ). Differences in the mean day of eclosion were <1.2 d (=3% of the mean), and had no consistent relation to the size of the food. In contrast, nymphs that were provided whole dog food pellets gained significantly less mass after 5 wk of development than nymphs that were fed ground dog food (Fig. 2) . Whole dog food pellets also retarded nymphal development by =43% compared with the developmental period exhibited by insects that were fed ground dog food (Fig. 1,  Table 1 ); whole dog food also reduced the percentage of eclosing females by =50%. However, there were no significant differences in all three parameters among nymphs fed dog food ground to various mesh sizes (Table 1) . Although developmental rates were improved by grinding the dog food diet, significant differences in the mean day of eclosion persisted between equally ground dog food and rat food diets (Table 1) . This supports our conclusions that a mechanical barrier in whole dog food pellets is responsible for the slower growth and development of 841 non might explain the reduced growth and reproduction of cockroaches on this diet. Steam extrusion may affect diets in at least two ways. First, by producing a "baked" lipid exterior, this process may introduce a mechanical barrier that reduces food intake and retards development and reproduction.
This hypothesis was supported by the accelerated development of nymphs that were fed extruded ground dog food compared with extruded whole pellets. Similar effects of texture and hardness of diets have been reported in other insects (Vanderzant 1969) . Second, steam extrusion may alter the composition or digestibility of the diet. Nymphs that were fed unextruded canine diet exhibited significantly faster growth than nymphs fed extruded ground canine diet. Extrusion subjects the diet to high temperatures and pressures, which may have adverse effects on dietary constituents including vitamins, starches, and amino acids.
Relationship to Other Studies. These results have important implications to numerous studies on the life history, physiology, toxicology, behavior, and biochemistry of cockroaches and possibly other insects. For example, in Spodoptera frugiperda (J. E. Smith), changes in glutathione S-transferase activity as a result of dietary changes can affect tolerance of organophosphate insecticides (Clark 1989 Fig. 4 . Mean wet weight (± SEM) of nymphs in the 5th wk of development. Newly hatched nymphs were fed rat or canine meal (unprocessed) with or without fat added (see Materials and Methods); or rat, canine, or dog food (processed) that was ground to 0,7-1.0 mm. Different letters indicate significant differences among treatments (P < 0.05; ANOVA and Games-Howell multiple comparison of means [Super ANOVA 1989] nymphs fed processed (pressed) rat food ( Fig. 4 and 5, Table 2 ). Although B. germanica females performed significantly better on extruded canine food than on extruded dog food, nymphs that were fed unprocessed forms of these diets attained similar weights (Fig. 4) and exhibited similar adult emergence patterns (Table 2) . Conversely, nymphs that were fed either processed or unprocessed rat food exhibited identical developmental and mortality patterns. The addition of animal fat to unprocessed diets, which resulted in diets of similar compositions to the processed diets, did not alter nymphal developmental rates or the number of adult females that emerged ( Fig. 4 and 5 ; Table 2 ). These results indicate that the commercial extrusion process in production of canine diet diminishes its suitability for B. germinica. Although this could not be investigated with dog chow, a similar phenome-0.7 -1.0 1.7 -2.6 2.6 -4.0 WHOLE FOOD Food size Fig. 3 . Oocyte size in 7-d-old adult females that were fed rat food or dog food (whole pellets or ground to smaller mesh sizes). Nymphs and adults were either maintained on rat food or switched to dog food as (A) newly hatched nymphs, (B) as last instars, or (C) as newly emerged adults. Bars indicate SEM. Different letters within the same food indicate significant differences among food sizes (P < 0.05, ANOVAand GamesHowell multiple comparison of means [Super ANOVA 1989] ). *, Significant differences between diets of a particular mesh size (P < 0.05, Student's t test).
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Vol. 85, no. 3 CI) (,) c: Time (days) Fig. 5 . Cumulative percentage emergence of adult females raised on either rat or canine meal (unprocessed); or processed rat, canine, or dog food that was ground to 0.7-1.0 mm. strains that may be differentially responsive to the experimental manipulation. However, dietary differences are rarely considered. Despite the fact that different diets are used in various laboratories, the diets are presumed to be equally adequate for growth and reproduction of cockroaches. Based on the present work, we suggest that some discrepancies in the literature might be explained in part by the nutritional state of the insects. Regulation of the cockroach corpus allatum (CA) may be taken as an example.
In all cockroaches studied to date, the CA, which synthesizes juvenile hormone (JH), is restrained to varying degrees by signals from the brain (for reviews, see Feyereisen [1985] and Tobe & Stay [19851) . Specific cues such as those from mating, feeding, and various social stimuli can, together or independently, lift the brain inhibition on the CA (e.g., Cadot et al. 1989 ).
Therefore, denervation of the CA has generally been considered to mimic these species-specific stimuli. In all cockroach species that have been examined, CA-denervation potentiates JH synthesis and oocyte maturation beyond the normal levels exhibited by females that experience all the appropriate cues. Our data suggest that certain commercial diets may he deficient for some cockroach species, possibly resulting in varying degrees of CA inhibition in normally grown females, as shown by suppressed oocyte maturation.
This hypothesis pertains to a current dispute in the literature. Weaver (1984) showed that CAdenervation of mated American cockroaches, Periplaneta americana (L.), reduced both JH synthesis and oocyte growth. These results contradicted Pipa's (1982) conclusions that CAdenervation potentiates oocyte maturation in starved virgin females. In addition to the differences in experimental conditions between the two research laboratories (outlined in Pipa [1986] ), our data with B. germanica suggest that differences in diets may have contributed significantly to this discrepancy. In Pipa's laboratory, cockroaches were fed dog food, whereas Weaver provided them with a ground mixture of oatmeal, dog food, peanuts, and yeast powder (17:10:4:1, respectively). If the latter dietary mixture is more adequate for P. americana, the CA of fed mated females in Weaver's experiments would be more disinhibited than those in Pipa's studies, explaining their conflicting results. Indeed, our preliminary results indicate that JH release rates are greater in the CA of B. germanica females that were fed rat food than in females fed dog food, and that the degree of disinhibition by nerve transection is inversely related to the absolute (control) rate ofJH synthesis (C.S., unpublished data). A second example is related to our observations that in the first gonotrophic cycle, the female German cockroach mobilizes nutrient reserves from earlier instars as well as those acquired during the intensive preovulatory feeding period, and that superior nymphal diets may buffer the effects of inferior adult diets (Fig. 3) . The effect of starvation on subsequent oocyte development in P. americana was investigated in four different laboratories (Kunkel 1966 , Bell 1971 , Weaver & Pratt 1981 , Pipa 1982 . In three of the studies, females were fed ad libitum before oviposition of the first ootheca, after which they were starved. In each study, however, the diet was different as were the results. Kunkel (1966) reported that starved females produced four to five oothecae; in studies by Bell (1971) and Weaver & Pratt (1981) , starved females produced no more than three oothecae. The percentages of females ovulating a second, third, and fourth time also varied by as much as 59% among the three studies. Kunkel (1966) used Ken-L Ration and Purina Rat Chow; Weaver & Pratt (1981) used a mix of dog food, oatmeal, peanuts, and yeast; and Bell (1971) used an unspecified laboratory diet. The possibility that nutrition may have affected these results was considered by Weaver & Pratt (1981) , who suggested that both the quantity and the quality of food consumed before starvation may have affected the amount of stored metabolites available to females. This notion appears to be supported by Pipa's (1982) results demonstrating that <1% of P. americana females fed Purina Dog Chow ovulate when starved upon eclosion.
Finally, several works report widely disparate life history parameters in P. americana (see Roth 1981) . Some of these differences can probably be explained by the diversity of the diets, which include potato cubes, raw meat, apples, and bananas, as well as various dog foods and lab diets (Gould & Deay 1938 , Rau 1940 , Geir 1947 , Willis et al. 1958 , Kunkel 1966 .
Our results with B. germanica, together with inferences from Periplaneta and other species, sugg~st that the quality of laboratory diets may directly or indirectly profoundly affect the interpretation of endocrinological, biochemical, and toxicological studies. We strongly suggest that detailed descriptions of dietary regimes be given in such reports.
